Aim: Aberrant global DNA methylation is involved in the development of several diseases, including cardiovascular disease (CVD). We investigated whether the methylation of long interspersed nuclear element-1 (LINE-1) in leukocytes is associated with dyslipidemia, a major risk factor for CVD, in the Japanese general population.
Introduction
DNA methylation is the addition of a methyl group to DNA bases and is an epigenetic mechanism Copyright©2018 Japan Atherosclerosis Society This article is distributed under the terms of the latest version of CC BY-NC-SA defined by the Creative Commons Attribution License.
ease, did not provide informed consent for the present study, or for whom adequate samples could not be obtained to measure LINE-1 DNA methylation levels. The remaining 420 eligible subjects (187 men and 233 women) were included in the analysis. The protocol of this study was approved by the Ethics Committee of Fujita Health University (approval No. 164).
A trained public health nurse obtained health information, including smoking habits (never, former, or current), alcohol consumption (never, former, or current), antihyperlipidemic drug use (user/non-user), and a history of major illnesses (yes/no) using selfadministered questionnaires during the health examination. Height, weight, waist circumference, and blood pressure were measured during the health examination. Body mass index (BMI) was calculated by dividing weight (kg) by height squared (m 2 ). Fasting blood samples were taken during the health examination. Plasma glucose, whole blood hemoglobin A1c, and serum lipids such as triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDLC), and low-density lipoprotein cholesterol (LDLC) were determined using autoanalyzers, and serum C-reactive protein (CRP) concentrations were measured by a latex-immunoassay (LT-auto Wako CRP, Wako Pure Chemical Industries, Ltd., Osaka, Japan) at the laboratory of Yakumo General Hospital on the day of the health examination.
Blood samples were drawn into tubes containing ethylenediaminetetraacetic acid (EDTA), then centrifuged at 1500 g for 10 min. The buffy coat was collected and treated with a lysis solution (pH 7.4) containing 150 mmol/L NH4Cl, 14 mmol/L NaHCO3, and 0.11 mmol/L EDTA-2Na in distilled water to remove erythrocytes. Treated buffy coat samples were centrifuged at 100 g for 5 min at 4 and the supernatant was discarded. DNA was extracted from peripheral leukocytes using a NucleoSpin ® Tissue kit (Takara, Japan) and stored at 80 until use.
Extracted DNA (500 ng, 50 ng/µL) was treated with sodium bisulfite using an EpiTect Fast DNA bisulfite kit (QIAGEN, Germany) according to the manufacturer's protocol to convert only non-methylated cytosine to uracil. LINE-1 elements were amplified by polymerase chain reaction (PCR) using Takara EpiTaq TM HS (for bisulfite-treated DNA) (Takara). PCR was performed using a 20 µL reaction sample containing 1 ng/µL bisulfite converted DNA, 0.05 U/ µL Takara EpiTaq HS, 1x EpiTaq PCR buffer, 2.5 mmol/L MgCl2, 0.3 mmol/L dNTP mixture, 0.2 µmol/L each of forward and reverse primer (forward primer 5'-TTTTGAGTTAGGTGTGGGATATA-3' and reverse biotinylated primer 5'-AAAAT-CAAAAAATTCCCTTTC-3'), and RNase-free water.
of CpG sites in the promoter region of a gene represses the expression of that gene 2) . Methylation directly hinders the binding of transcription factors to the promoter region 3) , is reversible, and affects basic biological functions such as aging and cell development 4) . Global hypomethylation and gene-specific promoter hypermethylation are common events not only in tumor tissues but also in blood leukocytes 5, 6) . Long interspersed nuclear element-1 (LINE-1) belongs to the family of non-long terminal repeat retrotransposons. The gene constitutes about 17% of the human genome and is spread ubiquitously throughout the genome 7) . Methylation levels of LINE-1 are believed to be surrogate markers of global DNA methylation 8) , and they are commonly heavily methylated in normal tissues 9) . Several epidemiological studies have shown that global DNA methylation levels in leukocytes are associated with diseases such as cardiovascular disease (CVD) and diabetes 10, 11) . Previous studies have suggested that DNA methylation may play an important role in chronic diseases, especially circulatory diseases 12, 13) . It has been reported that LINE-1 DNA hypomethylation in leukocytes is significantly associated with ischemic heart disease, stroke 12) , and myocardial infarction 13) . Therefore, we expect that knowledge of LINE-1 DNA methylation levels will allow prediction of the development of lifestyle diseases.
Dyslipidemia is recognized as a potential risk for CVD and is caused by unhealthy lifestyle factors such as poor diet and physical inactivity. Several studies have reported an association between DNA methylation and dyslipidemia; however, no consistent results have been obtained 14, 15) . Although there is evidence that ethnic groups differ in their patterns of DNA methylation 16, 17) , to the best of our knowledge there are no reported studies of the association of DNA methylation with dyslipidemia in the Japanese population.
Aim
In the present cross-sectional study, we investigated whether aberrant LINE-1 DNA methylation in leukocytes was associated with dyslipidemia, a risk factor for CVD, in the Japanese general population.
Methods
The present cross-sectional study is part of the ongoing Yakumo Study in Hokkaido, Japan. A total of 525 Japanese people attended a health examination in August 2015. We excluded 105 subjects who had a clinical history of cancer, stroke, or ischemic heart dis-The PCR protocol consisted of an initial denaturing step at 98 for 20 s, followed by 45 cycles of 98 for 10 s, 55 for 30 s, and 72 for 30 s. We measured methylation by the pyrosequencing method (analysis device: PyroMark Q24 Advanced, QIAGEN) using the sequence primer 5'-AGTTAGGTGT-GGGATATAGT-3' and PyroMark ® Q24 Advanced CpG reagents (QIAGEN). We quantified LINE-1 DNA methylation at three CpG sites 18, 19) . The levels of LINE-1 DNA methylation were expressed as the percentage of methylated cytosine and the mean LINE-1 DNA methylation levels of three CpG sites were calculated.
Dyslipidemia was defined according to the definition released in 2012 by the Japan Atherosclerosis Society 20) . Dyslipidemia subjects meet at least one of the following conditions: serum TG ≥ 150 mg/dL, serum LDLC ≥ 140 mg/dL, or serum HDLC 40 mg/dL. The number of lipid abnormalities was defined as the sum of these three factors (0-3). Subjects were classified into three groups according to the number of lipid abnormalities (0, 1, ≥ 2) because there were only three subjects with three lipid abnormalities. The LDL/HDL ratio was calculated as the serum LDLC level divided by the serum HDLC level. We defined a high LDL/HDL ratio as being more than 2.5 21) and high TC as ≥ 200 mg/dL 22) , and these scores raise the risk for CVD.
Statistical analyses were performed using JMP version 12.0 (SAS Institute, Cary, NC). We used logtransformed levels of plasma glucose, serum TG, and serum CRP for the analyses because these data provided log-normal distributions. Plasma glucose, serum TG, and serum CRP were presented as geometric mean and interquartile range, respectively. Other continuous parameters were represented as mean standard deviation (SD). We analyzed the differences of continuous parameters by the number of lipid abnormalities using analysis of variance (ANOVA) and Tukey-Kramer HSD test and compared categorized parameters using the chi-square test. Pearson's correlation coefficients were calculated to measure the linear relationship between LINE-1 DNA methylation and serum levels of various lipids. We defined the hypermethylation group as the third tertile of the LINE-1 DNA methylation levels ( 57.65%). Multivariate adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for hypermethylation were calculated by logistic regression analysis according to the dyslipidemia. We used sex, age, smoking habits, alcohol consumption, BMI, CRP, and antihyperlipidemic drug use (user/non-user) as confounding factors. Probability values less than 0.05 were considered to be statistically significant.
Results

LINE-1 DNA methylation in leukocytes has
an approximately normal distribution (mean SD 56.98 2.86%). There is no sex difference in LINE-1 DNA methylation (mean SD 57.19 2.89% in men; mean SD 56.82 2.82% in women; p 0.182). Age, BMI, waist circumference, diastolic blood pressure, HbA1c, and CRP were significantly higher in the 2 or more lipid abnormalities than in those with 0 and 1 lipid abnormality ( Table 1) .
Correlation coefficients between LINE-1 DNA methylation levels and serum levels of various lipids are shown in Table 2 . There was a significant positive association between LINE-1 DNA methylation and LDL/HDL ratio (r 0.118, p 0.016). HDLC was weakly and negatively associated with LINE-1 DNA methylation levels (r 0.094, p 0.055). The high LDLC and high LDL/HDL ratio groups had higher LINE-1 DNA methylation levels than the normal group (high LDLC group: mean SD 57.49 3.11%, normal LDLC group: 56.75 2.71%, p 0.009; high LDL/HDL ratio group: 57.51 3.14%, normal LDL/HDL ratio group: 56.71 2.66%, p 0.004) ( Table 3) . However, there were no significant differences in LINE-1 DNA methylation between the TG, TC, and HDLC abnormal (i.e., high TG, high TC, and low HDLC levels) and normal groups.
We also calculated the confounding factoradjusted ORs and 95% CIs for hypermethylation ( Table 4) . Significantly higher ORs for hypermethylation were observed in the high LDLC and the high LDL/HDL ratio groups than in the normal group (high LDL group: OR, 1.88; 95% CI, 1.20-2.96; high LDL/HDL ratio group: OR, 1.90; 95% CI, 1.20-3.01). Table 5 shows the difference in LINE-1 DNA methylation in leukocytes by the number of lipid abnormalities and the confounding factor-adjusted ORs and 95% CIs for hypermethylation. Compared with the no lipid abnormality group, the group of 2 or more lipid abnormalities had significantly higher LINE-1 DNA methylation levels (56.70 2.78% vs 57.95 3.20%) and a higher prevalence of hypermethylation. Moreover, subjects with 2 or more lipid abnormalities had significantly higher ORs for hypermethylation than those with no lipid abnormality (OR, 2.31; 95% CI, 1.11-4.82, p for trend 0.024).
Moreover, we divided the subjects by the nonuser and user of antihyperlipidemic drugs and analyzed the association between LINE-1 DNA methylation and serum lipids (Tables 3-5 ). In the non-user group, we obtained results similar to those analyzed in all subjects. On the contrary, the significant associations between LINE-1 DNA methylation and serum lipids were not observed in the user group.
Discussion
In this study, we found that the levels of LINE-1 DNA methylation in leukocytes were significantly and positively associated with the prevalence of dyslipidemia, and were particularly associated with high LDLC and a high LDL/HDL ratio. Moreover, the degree of abnormal lipid metabolism, expressed as the number of lipid abnormalities, was positively associated with LINE-1 DNA methylation in leukocytes. There was no significant linear relationship between LINE-1 DNA methylation and LDLC. A previous study 14) also observed no significant linear relationship between LINE-1 DNA methylation levels and LDLC. We suggested that the global hypermethylation levels in leukocytes, assessed by LINE-1 methylation analysis, were associated with abnormal lipid metabolism. Epidemiological studies 23) have reported that combined dyslipidemia (the higher LDLC and the lower HDLC) increased the risk for CVD. LINE-1 DNA methylation levels may be associated with the risk for CVD because patients with combined lipid abnormalities had high LINE-1 DNA methylation levels.
Several epidemiological studies have reported the association of LINE-1 DNA methylation and dyslipidemia, but those results remain controversial. The Newcastle Thousand Families Study (NTFS) reported positive associations of LINE-1 DNA methylation with serum levels of TG, TC, and LDLC, and negative associations of LINE-1 DNA methylation with HDLC and the HDLC/LDLC ratio for 228 subjects aged 49-51 years 15) . On the contrary, Cash et al. 14) observed that LINE-1 DNA hypermethylation was associated with lower LDLC and higher HDLC levels in 355 subjects of the Samoan Family Study of Overweight and Diabetes. Our results showed that LINE-1 DNA hypermethylation was associated with dyslipidemia in the Japanese population. We cannot offer a clear explanation for these conflicting findings, but differences in the characteristics of the study subjects may be involved. A previous study showed that global DNA methylation differed by race 16) . There was a difference in LINE-1 DNA methylation levels between the Samoan study and our study. The mean SD of LINE-1 DNA methylation in Samoans was 83.2 1.8%. The median and interquartile range (IQR) of LINE-1 DNA methylation of the NTFS study subjects was similar to our results (median: 52.76%; IQR: 51.51-54.92). We quantified LINE-1 DNA methylation at three CpG sites, as did the NTFS study, but the Samoan study examined the methylation status at four CpG sites in the LINE-1 region. We assumed that the observed difference of methylation levels was due to differences in the quantified LINE-1 DNA methylation sites. Moreover, the subjects in the Samoan study had a substantially higher BMI than our study subjects and the NTFS study subjects. Recent reports indicate that alterations in DNA methylation are closely associated with obesity 24, 25) . The Multi-Ethnic Study of Atherosclerosis (MESA) reported that individuals with high BMI (≥ 40 kg/m 2 ) had higher LINE-1 DNA methylation levels in leukocytes than those with normal BMI ( 25 kg/m 2 ) in a cohort of 987 individuals aged 45-84 years 26) . Severe obesity may be involved in altering DNA methylation. In our study, obesity had little effect on LINE-1 DNA methylation, since none of our study subjects had BMI ≥ 40 kg/m 2 . Furthermore, the subjects in the Samoan and NTFS studies were younger than our subjects. The age range of the NTFS study subjects was 49-51 years and the mean ages of the Samoan study subjects were 29.2-39.2 years. Age is reported to be negatively correlated with LINE-1 DNA methylation levels 27) . Antihyperlipidemic drugs may be associated with LINE-1 DNA methylation, since statin, a cholesterol-lowering drug, is reported to reduce DNMT activity 28) . Although the number of subjects may be insufficient to conclude from these analyzes , similar results were obtained in non-antihyperlipidemic drug users but not in antihyperlipidemic drug users. The rate of severe obesity, age, and the use of an antihyperlipidemic drug may affect the association between DNA methylation and dyslipidemia, potentially resulting in conflicting findings between studies. However, we adjusted these factors in our study analysis.
Lipoproteins are reported to influence DNA methylation. LDLC causes vascular dysfunction by changing DNA methylation. LDLC inhibits the transcription of Krüppel-like factor 2 (KLF2), a protein that plays an important role in maintaining endothelial function 29) in human umbilical vein endothelial cells through its activation of DNMT 1 and by inducing transcription repressing proteins such as methylCpG-binding protein-2 30) . Consequently, global DNA methylation may be affected by LDLC. ApoA1, a major component of HDLC, is related to the risk of coronary artery disease 31) , and its expression has also been reported to be directly regulated by the DNA methylation pattern on the promoter region. Hypermethylation on the ApoA1 promoter region causes a decrease in the expression of ApoA1 32) . No statistically significant relationship between HDLC and LINE-1 DNA methylation was obtained in this study, although the small number of subjects with low HDLC levels (n [%] 19 [4.5] ) may have had an impact on the results.
Inflammation, a risk factor for atherosclerosis, is associated with DNA methylation in leukocytes. Positive correlations between inflammation markers such as CRP and interleukin-6 (IL-6) and global DNA methylation in leukocytes were observed in 155 patients with renal disease 33) . IL-6 may have a function in epigenetic changes by regulating the methyltransferase gene 34) . Pro-inflammatory gene (encoding IL-1 and IL-6) promoter hypermethylation and down-regulation of expression were observed in THP-1 cells, a model for studying the role of inflammatory cells in atherosclerosis, following treatment with atherogenic lipoproteins, including high levels of LDLC and very low-density lipoprotein cholesterol 35) . Global DNA hypermethylation may fluctuate due to obesity and inflammation. We did not observe large alterations in our results for the relationship between LINE-1 DNA methylation and dyslipidemia, although our analyses were adjusted for BMI and serum CRP levels.
There have been several recent studies on associations between atherosclerosis-related diseases and DNA methylation in leukocytes. Stenvinkel et al. found that global DNA hypermethylation was significantly associated with high cardiovascular disease mortality in 98 patients with severe chronic kidney disease 33) . In contrast, a previous prospective study observed that elderly men (mean age 72.3 years) with LINE-1 DNA hypomethylation were at a high risk for ischemic heart disease and stroke 12) . A nested casecontrol study also showed that LINE-1 DNA hypomethylation was associated with myocardial infarction in a European prospective cohort study 13) . An experimental study using ApoE knock-out mice reported a significant reduction in DNA methylation in atherosclerotic lesions 36) and in aorta tissues prior to the appearance of atherosclerotic lesions 37) . Although the association of DNA methylation in leukocytes with methylation levels in vascular tissues is not clear, the levels of global DNA methylation in leukocytes may also be altered during cardiovascular pathogenic processes, such as those in atherosclerotic lesions or aorta tissues.
This is the first report to examine the relationship between LINE-1 DNA methylation levels in leukocytes and dyslipidemia in the Japanese population. Our study has several limitations. First, we could not prove causal relationships between LINE-1 DNA methylation and the serum level of each lipid because of the cross-sectional study design, which warrants a longitudinal study in future. Second, we did not consider the type of white blood cells when we measured the methylation levels of leukocyte DNA. It has been reported that the proportion of white blood cell subsets affects LINE-1 DNA methylation levels 38) . Although we calculated ORs adjusted for the percentage of neutrophils, this did not appear to alter our results (data not shown).
Conclusion
The main finding of our study is that high LINE-1 DNA methylation levels in leukocytes were associated with high CVD risk profiles: high LDLC, high LDL/HDL ratio, and the degree of abnormal lipid metabolism in the Japanese population. Our results suggest that LINE-1 DNA hypermethylation in leukocytes may be associated with an association between dyslipidemia and onset of CVD. Further studies are needed to elucidate the mechanism of the association between LINE-1 DNA methylation in leukocytes and dyslipidemia.
